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ABSTRACT 
Flip Chip (FC) technology offers many advantages over 
conventional surface mount technology, including a smaller 
device footprint and higher interconnection density. Low 
power but complex consumer items, such as mobile 
telecommunications devices, utilise this packaging 
technology and it is likely to spread to other electronics 
sectors where components have higher power dissipations 
and/or they have to operate in a hostile environment.  
 
As the scope for FC packaging broadens, a reliable means of 
establishing the long term performance of a particular 
package is necessary. Traditionally thermal cycling has been 
a primary reliability test for electronic assemblies including 
FC, however this fails to capture the behaviour of assemblies 
where the component thermal expansion is well matched to 
that of the substrate due to the isothermal heating and cooling 
of the assembly. In this situation power cycling offers an 
alternative means of determining the module performance. 
 
This paper describes the use of Finite Element Modeling 
(FEM) to explore the effects of power cycling on a silicon on 
silicon Multi-Chip Module (MCM) constructed with a low 
solder joint standoff height of 30-35µm. Particular attention 
was given to the boundary conditions that are inevitably 
atypical of those used in traditional thermal cycling. The 
paper presents results of the temperature distributions 
throughout the assembly, which were found to depend upon 
the substrate base material (FR4 or copper) that the MCM 
was attached to. The results of the FEM analysis were 
verified by assembling test devices and measuring their 
temperature distribution under steady state and power cycling 
conditions. The predicted temperatures may then be used as 
boundary conditions in FEM of thermal stresses and fatigue 
in the assembly. 
 
KEY WORDS: Flip Chip, Finite Element Analysis, Power 
Cycling, Multi-Chip Modules.  
 
INTRODUCTION 
Flip chip (FC) assembly is becoming a mainstream 
technology among electronics manufacturers, due to the 
many potential advantages over conventional surface mount 
technology including: a lower package profile, the potential 
to provide a much greater number of (area array) connections 
and shorter interconnection paths [1]. This packaging method 
is most obviously exploited in the mobile 
telecommunications sector where products are significantly 
smaller, yet far more sophisticated than their predecessors. 
FC is increasingly being implemented in other electronics 
sectors where the performance and environmental 
requirements may be significantly more demanding, and/or 
where reliability is critical. 
 
Although thermal cycling tests have been used for many 
years to establish the reliability of electronic devices, 
including FC assemblies [2,3], it fails to correctly capture the 
true thermal characteristics an assembly would be subjected 
to in an operational environment. The main issue regarding 
thermal cycling is that the heat is supplied from an external 
source, resulting in a near isothermal temperature distribution 
which is independent of the test-vehicle. In service, the 
assembly is more likely to experience an anisothermal 
temperature distribution due to a combination of variations in 
the temperature of the operating environment and local 
changes due to heat dissipation within the components. In the 
latter case, for components generating significant heat, the 
internal temperature may be much greater than that of the 
substrate [4-6]. Furthermore, thermal cycling typically 
imposes temperature ramp rates that are quite slow compared 
to the rate at which an assembly heats up due to internal 
power generation. Power cycling will therefore better capture 
the transient nature of a component heating up or cooling 
down, which may have significant reliability implications. 
When traditional organic substrates are used, monitoring of 
the transient behaviour of FC devices has revealed that the 
joints first endure shear stress in one direction as the die 
heats up rapidly, but then in the opposing direction due to the 
substrate heating up more slowly but with typically a 
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significantly larger Coefficient of Thermal Expansion (CTE) 
[5,6]. In a Si on Si assembly the uniform temperatures within 
the device during thermal cycling may result in minimal 
stresses due to the matched CTEs, however, depending on its 
duty cycle, the chip is likely to endure a greater and more 
rapid temperature change than the substrate [4]. 
 
To address the issues raised above, power cycling tests can 
be used to simulate the more realistic situation of heat 
generated by the components. Power cycling involves 
switching the power dissipation in the assemblies between 
two levels, typically zero and maximum power, for specific 
durations. As such, the equipment for testing can be more 
straightforward than for thermal cycling. Furthermore, an 
additional advantage of power cycling is the reduced time 
taken to complete a cycle, which may be as short as one 
minute [7]. 
 
While providing a high level of confidence in any given 
assembly’s performance, the procedure of manufacturing test 
vehicles and performing subsequent power cycle trials is 
costly with respect to time (trials may take months to 
complete) and resources (many assemblies need to be 
produced and are of little further use after testing). In an 
attempt to reduce such costs, computer modelling methods 
are increasingly used for the simulation of thermal/power 
cycling. This paper describes the development of a finite 
element model (FEM) to represent the power cycling of a 
silicon on silicon flip-chip assembly attached to either a 
copper or FR4 substrate. The aim was to examine how the 
temperature distribution within the device varied as a 
function of power input, time and substrate material thermal 
conductivity.  
 
EXPERIMENTAL PROCEDURE 
MCM Test Vehicle Assembly 
The test vehicle studied consisted of a silicon “heater” chip 
mounted on a silicon “carrier” chip, which itself was attached 
to a substrate that was either FR4 or copper. Figure 1 shows a 
schematic diagram of a test vehicle mounted on a substrate. 
The heater chip and carrier chip are shown in figures 2a and 
b respectively. The heater chip was a 3mm x 3mm x 0.5mm 
silicon die that bore a large central resistive element (the 
heater), two aluminium tracks to allow chip temperature 
measurement via four point resistance measurements, and 
tracks between pairs of bond pads that formed half of a 
“daisy chain” interconnection pattern. The carrier chip was 
also a silicon die, but was larger at 6mm x 6mm x 0.5mm, 
and included a series of larger pads for the external 
connections as well as the corresponding pads to match those 
on the heater chip. 
Fig. 1 Schematic view of Si on Si MCM mounted on 
substrate 
The aluminium bond pads for flip-chip connection were 3µm 
thick and had circular openings in the passivation 
approximately 75µm in diameter. Both chips had an UBM of 
electroless nickel applied (heater chip 15µm, carrier chip 
6µm) and were 60/40 Sn/Pb solder bumped using a maskless 
dipping process similar to that described in [8]. The bumped 
die were assembled by applying fluxes and reflowing: no 
additional solder was added such that a small standoff height 
of 30-35µm was achieved. A cross-section of a joint is 
shown in figure 2c where the bond-pad, UBM and solder are 
clearly identifiable. Underfill was not used in this study. The 
completed daisy chain interconnection was made up of a total 
of 36 joints arranged in a peripheral array ((2x8)+(2x10)) at 
pitches of either 300µm or 225µm. There were five different 
electrical paths: the heater, which was directly connected to 
the power supply, two separate daisy chains and two sets of 
connections to the temperature sensing tracks that allowed 
for 4-point resistance measurements to be taken. 
 
 
b a 
                    c d 
Fig. 2 a) SEM image of the heater chip, b) SEM image of the 
carrier chip after dicing and solder dipping, c) cross-section 
through a single solder joint between heater and carrier chip, 
d) completed test vehicle mounted on an FR4 substrate with 
connecting wires. 
 
Attachment of MCM to Substrate 
Two substrate types were used in this investigation: a glass 
reinforced epoxy laminate (FR4) and copper. These were 
chosen to represent the likely extremes of thermal 
conductivity of potential substrates for such components. The 
MCM was secured to the centre of the substrate using a 
Chomerics T404 thermally conductive adhesive pad. The 
FR4 substrate was 40mm x 40mm x 0.8mm, with a 35µm 
thick copper pattern on one side only. Tracks to allow 
connections between the MCM and larger external 
connections were wet etched on the substrate using standard 
PCB manufacturing processes. Fine wires were then 
manually connected between the larger pads of the carrier 
chip and an array of corresponding pads on the substrate that 
enabled external connections to be made to the power supply 
and the test vehicle monitoring apparatus. A completed test 
vehicle is shown in figure 2d where the MCM was mounted 
Substrate (FR4 
or copper) 
Carrier chip 
Heater  
chip 
Adhesive 
pad 
x
y
z 
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on a FR4 substrate. The copper substrates (40mm x 40mm x 
1mm) were cut from copper sheet and were used to represent 
the MCM mounted on a highly thermally conductive 
substrate. 50mm long insulated fine wires were first 
connected to the BGA pads on the MCM then larger wires 
were attached to the other ends to facilitate the connection to 
the power source. 
 
Wind Tunnel and Power Cycling Test Configuration  
To validate the thermal models it was necessary to test 
completed assemblies in a controlled environment. A simple 
wind tunnel as used in previous studies by the authors [9] 
allowed airflow rates up to 10m/s when sealed (5m/s when 
open) and was used to house the test vehicles and provided a 
constant airflow for the required time period.  A schematic of 
the wind tunnel is shown in figure 3, where the typical 
positioning of the test vehicle is also indicated. 
 
 
 
 
 
 
 
 
 
 
 
Measurement of MCM Temperature Distribution 
The temperature distributions within the MCMs were 
evaluated using two different techniques. The first was to use 
four point resistance measurements of the long aluminium 
tracks on the heater chip. The variation in resistance with 
temperature was calibrated by placing test devices in an oven 
and recording the track resistance at a number of 
temperatures. Following this, it was possible to determine the 
temperature of the MCM in the vicinity of the heater from 
the resistance.  
 
In addition, to the four point resistance measurements, two 
thermal imaging cameras were used to capture an overall 
thermal profile of the devices. There were high and low 
resolution cameras available. The high-resolution camera 
was a ThermaCAM® P40 thermal imager that produced still 
images with a resolution of 320 x 240 pixels. In order to use 
the high-resolution camera with no obstruction between it 
and the sample, it was necessary for the wind tunnel to be 
“open”. This meant that a maximum airflow of only 5m/s 
was available and, as described later, created turbulence 
above the sample. The low-resolution camera was an IRISYS 
IR11002 imager with a resolution of 16 x 16 pixels over an 
area of 35.2 mm x 35.2 mm. This camera did not require the 
wind tunnel to be open and therefore a maximum airspeed of 
10m/s was possible. Although a much lower resolution, this 
camera offered the additional benefit of being able to capture 
successive images such that a transient profile “movie” could 
be obtained. For the low-resolution camera, the test vehicle 
was carefully positioned with respect to the camera lens such 
that the pixels overlaid the relevant parts of the assembly, as 
shown in figure 4. Therefore the resultant resolution would 
render the heater chip readily identifiable as the hottest pixel 
in the image and the surrounding pixels would indicate the 
carrier chip temperature. The pixels labelled a & b in figure 4 
were considered to provide the best estimates of the carrier 
chip temperature given the low resolution. 
MCM 
Pixel (b) 
Pixel (a) 
Heater chip 
pixel 
Camera pixel  
mesh 
pixel 
Fig.4   Pixel allocation for the low resolution thermal 
imaging camera. 
 Airflows through 
tunnel duct at 
velocity V∞
Finite Element Model Generation 
The Finite Element Pre and Post processor used MSC’s 
MENTAT 2000, along with their MARC solver. A 3-
Dimensional model of the test vehicle was created. The 
symmetry of the assembly meant that the model could be 
simplified to ¼ of the assembled test vehicle, and the model 
utilised 15232 eight noded hexahedral “brick” elements. The 
model consisted of the silicon heater chip and carrier chip, 
the aluminium bond pads, the nickel UBM, solder, adhesive 
and the relevant substrate material. To simplify the domain, 
the BGA pads, all connecting wires, and the copper tracks on 
the substrate were omitted from the model. The material 
properties used are summarised in table 1. The thermal 
conductivity data for FR4 was sourced from [10] and the 
other materials properties were taken from www.matls.com. 
 
Table 1. Material properties used in the FEA. 
 
Material Density 
(kg/m3) 
Thermal 
Conductivity 
(W/m.K) 
Heat 
Capacity 
(J/kg.C) 
Silicon 2330 124 702 
SnPb Solder (60/40) 8600 49.8 173 
Aluminium 2699 210 900 
Nickel 8880 60.7 460 
Adhesive 1420 0.37 109 
Copper 8960 385 385 
FR4 2540 1.0 (X&Y) 0.3 (Z) 810 
 
The characteristics of the assembly were such that the areas 
of interest (interconnection joints) were comparatively small 
with respect to the overall geometry. Models with sufficient 
mesh density in these areas, but with no refinement 
elsewhere, were considered but resulted in an unacceptably 
large number of elements, leading to prohibitive analysis 
durations. Therefore considerable effort was made to refine 
the mesh, such that the mesh was dense around the area of 
the interconnection joints, whilst a coarse mesh was used 
around the chip, substrate and board. Figure 5 shows the 
mesh refinement used. 
 Leading edge distance=1.5m  
Fig. 3:  Schematic view of  the wind tunnel.  
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Boundary Conditions: Heat generation 
A face flux was applied over the area of the chip where the 
heater was situated. As the work was not concerned with 
time dependent mechanical behaviour, such as creep, it was 
considered beneficial to keep the cycle time as short as 
possible. After a number of initial simulations, a complete 
cycle time of 128 seconds (64s on / 64s off) was found to be 
an adequate time period for the assembly to approach steady 
state when mounted on a FR4 substrate. For 10m/s airflow, a 
temperature change of 63.4ºC was recorded in the heater chip 
after this time period compared with a steady state 
temperature change of 63.8ºC. 
 
Fig. 5 Views of the FE models showing the mesh refinement. 
 
Boundary Conditions: Convection heat transfer 
In the test environment of the wind tunnel little heat was lost 
through conduction from the substrate into the tunnel 
platform, due to the low conductivity of the tunnel material, 
and most heat was lost through forced convection from the 
other surfaces of the assembly to the surrounding airflow. 
The application of the convection heat transfer boundary 
conditions was given detailed consideration to ensure it 
provided an adequate representation of the true 
environmental conditions the test vehicle was subjected to. 
The FE model simulated power cycling of the test vehicle 
mounted inside the wind tunnel subjected to a constant air 
velocity of 5 or 10m/s at 20oC. 
  
It was assumed that the airflow across each body was 
equivalent to that over a flat plate (i.e. the MCM height was 
neglected) and, based on calculations of the Reynolds 
number, the flow was assumed to be laminar (non turbulent). 
In addition, the airflow across the surface was considered to 
be external convection. Different methods of determining the 
convection heat transfer “h” coefficients were investigated, 
including treating the leading edge of the tunnel (including 
the test vehicle) as a single surface, and only considering the 
substrate as a convection surface (neglecting the MCM 
dimensions).  The “h” coefficients calculated using both 
these methods were tested in the model, but they resulted in 
over-estimates of the resultant assembly temperatures. Upon 
further investigation, it became apparent that the heights of 
the different components of the test vehicle were not 
insignificant in relation to the calculated height of the 
thermal or velocity boundary layer, therefore it was 
necessary to consider each component of the assembly 
individually. The assembly was therefore divided into three 
bodies: the heater, the carrier and the substrate; and a “h” 
coefficient applied separately for each. The average values 
over the surfaces of interest were derived by utilising 
equations and formulae from [11] and were obtained for 
airflow rates of 5 and 10m/s and are listed in table 2 with 
their corresponding allocation in figure 6. 
 
Table 2. Convection coefficients (“h”) used. 
 
Convection coefficients (W/m2.K)  
5 m/s airflow 10 m/s airflow 
Heater, h3 160 230 
Carrier, h2 113 160 
Substrate, h1 43.7 61.9 
 
 
 
 
Air initially flowing 
at free stream 
velocity (U∞) Specific boundary 
layers propagate over 
individual surfaces h3 
 
 
 
 
 
 
 
Boundary Conditions: Mechanical constraints 
Symmetric boundary conditions typically used when 
modelling ¼ of a domain were implemented. All nodes along 
the x and y axis symmetry planes were constrained in the 
orientation normal to their respective axis. In addition, a 
single node was constrained in the z direction to prevent free 
body motion. 
 
RESULTS 
Steady State Thermal Models 
A steady state analysis to obtain the maximum temperature 
for the MCM was first performed with an input power level 
to the heater of 1.2W and an airflow of 5 m/s for both FR4 or 
copper substrates. Figures 7a &b show the steady state 
thermal plots obtained for an assembly mounted on a FR4 
substrate. The heater chip exhibited a temperature rise of 
80˚C, while the carrier chip temperature rise was 74˚C. It can 
be seen that for the heater and carrier chips, there is a very 
small temperature gradient over both bodies, with both 
profiles showing temperature variations of less than 1.5ºC. A 
clear temperature gradient could be seen across the solder 
joints, which was attributed to the comparatively poor 
thermal conductivity of solder (compared with silicon) and 
their small cross-sectional area. The substrate temperature in 
the vicinity of the MCM was found to increase significantly, 
while the peripheral areas showed no temperature change. 
Each body has a 
unique h value h2
h1
Fig. 6 Allocation of individual convection 
coefficients as used in the model. 
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Fig. 7  Steady state model results of the MCM on FR4 (1.2 
W power input, 5 m/s airflow). a) Isometric view, b) side 
view of the model taken from the x-axis. 
 
For samples with a copper substrate (figure 8), a similar 
temperature distribution was observed within the heater and 
carrier chip, however the maximum temperature changes 
were only 26oC and 20oC respectively. In contrast to the FR4,  
the copper substrate showed a uniform temperature across 
the surface (i.e. areas close to the MCM exhibited the same 
temperature as the area near the edge), as would be expected 
considering the very high thermal conductivity of copper. 
 
Validation of steady state thermal models 
The MCM test vehicles were mounted in the wind tunnel and 
the power input and airflow rates were set such that they 
matched the boundary conditions for the FE models. Steady 
state was determined when the temperature measured using 
the aluminium track showed no more than a 0.045ºC/min 
change. Once the assembly had reached steady state then a 
thermal image was taken.  
 
Figure 9a shows the thermal profile of the test vehicle on 
FR4 captured using the high resolution camera. A power 
level of 1.2W was applied to the heater and an airflow of 
5m/s was used to cool the sample. A maximum temperature 
change of 88ºC was observed for the heater chip, which 
correlated well with the four-point resistance measurements 
that indicated a temperature rise of 90ºC. These results were 
in reasonable agreement with the FE analysis that showed an 
80ºC change. The carrier chip showed an approximately 80ºC 
change, which was also somewhat higher than the 74ºC of 
the FE model. The discrepancy between the experimental 
results and the model was thought to be due to the opening in 
the wind tunnel, that was necessary to allow an uninterrupted 
view of the samples by the high resolution camera and which 
would disrupt the nominal 5m/s airflow. The tunnel was 
therefore sealed and a measurement of the four point 
resistance alone made. This was found to indicate a 
temperature rise of 80ºC, which was in excellent agreement 
with the thermal model. For subsequent imaging the low 
Fig. 8  Steady state model results of the MCM on copper 
(1.2 W power input, 5 m/s airflow). a) Isometric view, b) 
side view of the model taken from the x-axis 
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resolution camera was employed, allowing the wind tunnel to 
be sealed during measurements. 
 
From the thermal images it was evident that the FR4 
substrate became warm in the area close to the MCM, but no 
temperature change could be seen further from the substrate, 
which was also in agreement with the simulation. However, 
it was noted that the temperature distribution was not 
symmetrical in the thermal image. Comparison with the 
device layout shown in figure 2d showed that the copper 
tracks and wires used to connect the MCM to the board and 
to the external power supply were influencing the spread of 
heat. These were not included in the model, as this would 
have greatly increased the number of elements and would 
have invalidated the ¼ symmetry used as the copper tracks 
were not symmetrical.   
 
Temperature measurements of the MCMs mounted on the 
copper substrate also showed good agreement with the 
models. The 4-point resistance measurements indicated a 
maximum temperature rise of 28ºC, while the thermal 
camera (figure 9b) showed the heater chip surface to rise by 
27ºC (compared with 26ºC for the FE model) and the carrier 
chip to have a change of approximately 19ºC (20ºC for the 
FE model). 
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Fig. 9 Captured thermal images of the MCMs. a)  FR4 
substrate – image taken with high resolution camera, b) 
copper substrate – image taken with low resolution camera. 
 
Transient Thermal Models 
As stated in the introduction, a flaw of traditional thermal 
cycling tests is that they fail to correctly reproduce the 
transient thermo-mechanical behaviour of an assembly when 
power is supplied. Therefore power cycling simulations were 
performed for the test vehicle on both FR4 and copper 
substrates. The MCMs were powered with 1.2W and cooled 
with an airflow of 10m/s. This greater airflow could only be 
achieved once the wind tunnel was sealed. The simulation 
was run for three complete power cycles, each with the 
power on for 64s and then off for 64s. The FE models used 
300 time increments, therefore each increment represented 
1.28s (adaptive increments were not used in this analysis). 
 
To monitor the temperature changes occurring during the 
power cycling, the same three nodes were chosen in all 
models: one on the heater chip (a); one on the carrier chip 
(b); and one on the substrate close to the MCM (c). Neither 
the heater nor carrier chip showed a significant variation in 
temperature across the body, and toward the edge of the 
substrate there was either no temperature change (for the 
FR4) or a negligible difference from that near the MCM (for 
copper). It was therefore decided that there was little benefit 
in selecting more nodes. 
 
FR4 substrate: Figure 10 shows the transient thermal profile 
of the MCM on a FR4 substrate for a 1.2W power cycle. The 
nodes exhibit a large initial rate of temperature change, 
which gradually and steadily declines as the cycle progresses 
and the device approaches steady state. Table 3 shows how 
close the substrate is to steady state at the end of the cycle. It 
can be seen that the substrate reaches over 95% steady state 
within the allocated transient cycle time, while the MCM is 
seen to reach 99%. The trends noted in the ON cycle were 
echoed during the OFF cycle: an initial large temperature 
decrease was noted for all the nodes and the rate of 
temperature change declined during the later increments.  
Figure 11 shows the temperature difference between the 
heater chip and the carrier chip as a function of time. During 
the ON cycle, it can be seen that the temperature difference 
peaks after one second and remains near constant afterwards, 
reducing by only 0.1˚C over the remainder of the cycle.  
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Fig. 10 Transient profile of MCM on FR4 substrate (1.2 W 
power input, 10 m/s airflow). 
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Fig. 11 Temperature difference between node (a) and node 
(b) in figure 10 for one complete ON/OFF cycle. 
 
Table 3. Comparison of maximum temperature changes 
recorded for steady state and power cycling FE models 
(1.2W power input, 10 m/s airflow). 
 
Node no Maximum temp 
change in cycle 
time (∆T °C) 
Steady 
state  
(∆T °C) 
% steady state 
reached 
(a) heater chip 63.4 63.87 99% 
(b) carrier chip 57.0 57.36 99% 
(c) substrate 28.0 29.8 95% 
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Copper substrate: Figure 12 shows the transient thermal 
profile for the assembly for a power cycle level of 1.2W. 
From the graphs, it is clear that the MCM exhibited a large 
temperature change during the start of the ON cycle. 
However, shortly afterwards there was a sharp change in the 
subsequent temperature profile. It can be seen that the rate of 
temperature change throughout the assembly, was slower for 
the remainder of the cycle. A comparison with the steady 
state temperatures is shown in table 4, where it can be seen 
that the assembly had not reached steady state at the end of 
the ON part of the cycle. When the heat flux is removed, the 
MCM experiences a rapid temperature drop until it is the 
same temperature as the substrate. Once the MCM has 
reached this temperature, it then continues to cool at a rate 
governed by the substrate. According to the graph, it is also 
apparent that no part of the assembly returns to room 
temperature after the power cycling has started. The transient 
temperature difference between the heater and carrier chips is 
shown in figure 13. While the temperature difference is 
marginally greater than that of FR4 it remains constant 
throughout the cycle. Also, on the OFF cycle there is no 
temperature difference between the heater and carrier chips 
after the initial rapid cool down.  
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Fig. 12: Transient profile of MCM on copper substrate (1.2 
W power input, 10 m/s airflow). 
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Fig. 13: Temperature difference between node (a) and node 
(b) in figure 12 for one complete ON/OFF cycle. 
 
Table 4: Comparison of maximum temperature changes 
recorded for steady state and power cycling FE models.  
Copper substrate (1.2W power input, 10m/s airflow). 
 
Node no Maximum temp 
change in cycle 
time ( °C) 
Steady 
state  
(∆T °C) 
% steady 
state 
reached  
(a) heater chip 20.4 22.17 91% 
(b) carrier chip 13.6 15.41 88% 
(c) substrate 6.3 8.33 76% 
 Validation of Transient Thermal Models 
The MCM test assembly was positioned in the wind tunnel 
and the power levels and airflow velocities were set to match 
the transient power levels from the FE models (i.e. 1.2W and 
10m/s). A timer was connected between the power supply 
and test assemblies such that the desired 64s ON/OFF cycle 
was implemented. Once the power levels were set, the test 
vehicle was left to complete 4 cycles before any thermal data 
was captured. The IRISYS low-resolution camera was then 
used to capture the thermal data for three cycles. Using the 
pixel allocation shown in figure 4, thermal data was then 
extracted.  
 
FR4 substrate: An example of a thermal image from which 
the transient data was captured is shown in figure 14a 
together with the pixel allocation. The transient profiles of 
the highlighted pixels are shown in figure 14b. All the 
recorded parts of the assembly can be seen to initially heat up 
rapidly, after which the rate of temperature increase slows 
down towards the latter part of the cycle. Likewise, this 
behaviour is reciprocated on the OFF cycle. A temperature 
change of 60ºC was recorded for the heater chip, while a 
temperature of 54ºC was estimated for the carrier chip. These 
results were in good agreement with the thermal models. 
  a)   b) 
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Fig.14 Power cycling of MCM on FR4 substrate (1.2W) 
power input, 10m/s airflow). a) sample thermal image, b) 
transient temperature profiles of the pixels shown in (a). 
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Copper substrate: Figure 15 shows the data obtained for the 
MCM on the copper substrate. An initial steep temperature 
rise is evident throughout the assembly, which then changes 
abruptly to a much gentler, slower temperature change. As 
with the FR4 trial, the trend is repeated in the OFF part of the 
cycle. Again, the experimental results showed good 
agreement with the general shape of the graphs from the 
thermal models, especially the sharp initial temperature rise 
upon power ON. 
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Figure 15:  Power cycling of MCM on copper substrate (1.2 
W power input, 10 m/s airflow). a) sample thermal image, b) 
transient temperature profiles of the pixels shown in (a). 
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DISCUSSION 
Influence of Substrate Material 
Steady state: Table 5 presents the steady state temperature 
rises for the test vehicles utilising either FR4 or copper 
substrates. It can be seen that when copper was used, the 
final temperatures reached were significantly lower than for 
FR4 by a factor of three. While the FR4 substrate showed a 
temperature gradient as the distance from the MCM 
increased, the copper substrate showed an almost uniform 
temperature throughout. The poor conductivity of the FR4 
substrate impeded heat transfer to substrate areas further 
away from the MCM and therefore the majority of the heat 
loss from the MCM was thought to be via convection directly 
to the air rather than through conduction into the substrate. In 
comparison, the copper has very good thermal conductivity 
and diffused the heat from the MCM throughout the substrate 
and provided a much larger surface area for convection heat 
transfer.  
 
Table 5. Overall temperature changes from steady state 
analysis (1.2W power input, 5m/s airflow).  The same nodes 
were chosen from each model.  
 
Node  FR4 
substrate 
(∆T °C) 
Copper 
substrate  
(∆T °C) 
Temperature rise 
from copper model  
as a % of FR4 
model 
(a) heater chip 80.4 26.1 32% 
(b) carrier chip 73.7 19.29 27% 
(c) substrate 40.7 11.97 30% 
 
 
Figure 16: Comparison of the transient behaviour of the 
nodes for FR4 and copper substrates (power level 1.2W, 
airflow 10m/s) 
 
Transient results: The transient thermal performance of the 
MCMs was strongly affected by changing the substrate 
properties from FR4 to copper. For comparison, the transient 
profile for the test vehicles on FR4 and copper are 
summarised in figure 16. With copper as a substrate the 
maximum temperature reached was reduced, in line with the 
steady state results. For both materials, the temperature of the 
components showed an initial steep gradient.  The slope of 
this initial rise is related to the thermal mass of the die and 
the thermal resistance between it and the carrier chip. 
However, for FR4 there was a gradual reduction in the rate of 
temperature change, as opposed to the sharp change 
exhibited when a copper base was used. In addition, despite 
reaching lower maximum temperatures, it was apparent that 
the MCM on copper substrate never returned to its initial 
temperature, which was attributed to the high conductivity of 
the copper and the large substrate thermal mass. Overall, the 
copper substrate was observed to heat up and cool at a much 
lower rate than the MCM and was ultimately found to govern 
the minimum temperature the MCM would reach 
 
CONCLUSION 
It has been shown that with careful consideration of the 
relevant modeling parameters, a power cycle simulation can 
be performed utilising FE software. In this work, substantial 
care was taken in accurately defining the convection heat 
transfer coefficients, which are critical to obtaining the 
maximum temperature reached, the transient profile and time 
taken to reach steady state. Models were validated by 
comparison of the results with MCM assemblies that were 
observed using thermal imaging cameras. 
 
It was found that while the temperature difference between 
the heater and the carrier chips were shown to be very similar 
regardless of the substrate, the MCMs on copper substrates 
reached a much lower peak temperature than those on FR4 
for a given power level. 
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